Neovascular age-related macular degeneration (AMD) is a leading cause of central visual acuity loss in a growing segment of the population, those over the age of 60 years. Treatment has improved over the last decade, with the availability of agents that inhibit the bioactivity of vascular endothelial growth factor (VEGF), but it is still limited, because of tachyphylaxis and potential risk and toxicity of anti-VEGF agents. The authors have sought to understand the mechanisms of choroidal endothelial cell (CEC) activation and transmigration of the retinal pigment epithelium (RPE) and of RPE barrier dysfunction, events preceding vision-threatening neovascular AMD. The authors developed physiologically relevant human RPE and CEC coculture and transmigration models that have been important in helping to understand causes of events in human neovascular AMD. The authors can control for interactions between these cells and can separately assess activation of signaling pathways in each cell type relevant during CEC transmigration. Using these models, it was found that VEGF, particularly the cell-associated VEGF splice variant VEGF 189 , accounts for about 40% of CEC transmigration across the RPE. This percentage is in the range of similar reports following clinical inhibition of VEGF in neovascular AMD. RPE VEGF 189 working through CEC VEGF receptor 2 activates the small guanosine triphosphatase (GTPase) of the Rho family, Rac1, in CECs, which in turn facilitates CEC transmigration. Conversely, inhibition of Rac1 activity prevents CEC transmigration. Once activated, Rac1 aggregates with subunits of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, resulting in the generation of reactive oxygen species. Activated NADPH oxidase increases choroidal neovascularization in animal models of laser-induced injury. Rac1 is also downstream of the eotaxin-CCR3 pathway, another pathway important in human neovascular AMD. Studies also suggest that active Ras-related protein 1 (Rap1), another small GTPase, in RPE can strengthen the RPE barrier integrity and can resist CEC transmigration of the RPE, suggesting Rap1 activation may be another potential target for preventing neovascular AMD.
Introduction
Neovascular age-related macular degeneration (AMD) is a leading cause of central vision loss worldwide in a growing segment of the population, those over the age of 60 years. In the last decade, major strides have been made in the treatment of neovascular AMD. Whereas previous management with laser or photodynamic therapy, at best stabilized or improved visual acuity in less than 10% of cases, new agents that target the bioactivity of vascular endothelial growth factor (VEGF) have been reported to significantly improve visual acuity in 40% of cases. 1 However, with longer-term follow-up in clinical trials, the effect of anti-VEGF agents has not been sustained 2 at the level reported earlier. In part, this may reflect the need for repeated monthly injections and a relaxation in the stringency of maintaining this treatment frequency. However, there are also reports in the cancer literature that other pathways may become involved and "compensate" for the inhibition of pathologic angiogenesis. [3] [4] [5] [6] In addition, there are safety concerns from repeated intraocular injections 7 and in inhibiting VEGF bioactivity on the retina, because VEGF is also a neuroprotective agent. 8 For these reasons, other methods to treat neovascular AMD are being sought. The authors' lab has taken a different approach in the treatment of neovascular AMD. The authors seek to understand the causes for the most severe vision loss that occurs in neovascular AMDnamely, the development of neovascular complexes in the neurosensory retina. Their goal is not to inhibit angiogenesis, but rather to contain or redirect aberrant angiogenesis.
Discussion

Sensory retina choroidal neovascularization
Neovascularization in the sensory retina can occur from endothelial cells (ECs) that originate from the choroid (choroidal endothelial cells [CECs] ) or arise from the retinal blood vessels (retinal endothelial cells [RECs] ), which make up one part of the blood-retinal barrier. In either situation, ECs are activated first to migrate to a region in the sensory retina normally devoid of blood vessels. In order to do this, several steps are needed besides activation of ECs. These steps include (1) breakdown of the blood-retinal barrier; (2) degradation of extracellular matrix and adhesion of ECs to this; (3) EC activation and migration toward a chemotactic gradient; and (4) EC proliferation. [9] [10] [11] [12] [13] [14] [15] [16] When CECs migrate into the human sensory retina 17 and proliferate, the lesions are called choroidal neovascularization (CNV) (Figure 1 ). Less commonly, the RECs can migrate into the deeper retina and proliferate; this is called retinal angiomatous proliferation (Figure 2 ). [18] [19] [20] In either case, the new vessels can leak fluid into and beneath the sensory retina. Based on improved visual acuity and reduced intraretinal fluid noted on optical coherence tomography (OCT) and images from fluorescein angiography (FA) following anti-VEGF treatment, it is surmised that the leakiness of the new vessel lesions is, in part, the cause of reduced visual acuity. 1 In some cases, CECs are activated to migrate and proliferate but remain within Bruch's membrane and beneath the retinal pigment epithelium (RPE), which makes up part of the blood-retinal barrier. In these situations of sub-RPE, "occult" CNV ( Figure 3 ), visual acuity can remain stable. However, when visual acuity declines, more than 50% of the time it is secondary to the migration of CECs across the RPE into the sensory retina. 21 Therefore, CEC transmigration of the RPE is a critical step in the most common form of visionthreatening neovascular AMD. Based on these observations, the authors have focused on understanding events that are critical to this step: the impairment of the RPE blood-retinal barrier and the activation and migration of CECs.
Limitations and importance of relevant models
It is almost impossible to safely study mechanisms of CEC transmigration in humans in vivo; therefore, the authors use in vitro methods, animal models, and information from human tissues in their approach. ECs make up the vasculature of organs throughout the body. Differences between microvascular and macrovascular ECs and CECs may be inherent to the cell type or to the microenvironments in which they reside. There may also be differences among species, so it may not necessarily be appropriate to generalize to all types of ECs as to signaling pathways involved in one type. The authors use human cells in their studies. They and others have found that RPE-CEC interactions are important in steps in neovascular AMD. For example, one group reported that 16 genes involved in angiogenesis were found upregulated in ECs grown in coculture with RPE compared with those grown in solo culture. 22 As in any biologic process, cell culture is essential to work out mechanisms, but it is insufficient to generalize to the in vivo situation; therefore, animal models are useful. A major limitation in AMD is that many models are in rodents, which lack maculae. Models that expose animals to environmental stresses 23, 24 or that are transgenic are not generalizable to other pathways involved in the complexity of AMD. Some models require long time durations to develop features of AMD 25 and may not be practical or economically feasible. The laser-induced CNV model represents a reproducible model of human neovascular AMD based on shared molecular mechanisms and the observation that laser injury in humans can cause CNV. 26 Finally, implementation of a treatment in humans requires clinical trial testing for efficacy. However, mechanisms can rarely be worked out completely or safely in human studies. Large genetic studies and systems biology approaches have been very helpful in providing relevant associations between human AMD and genetic variants, especially when taken in context with environmental stresses and in conjunction with basic studies to determine mechanisms involved in pathologic steps of CNV.
Human heterotypic coculture and transmigration models
The authors' lab created and uses physiologically relevant human heterotypic coculture and transmigration models (Figure 4 ). 27 The porous insert of the transwell permits "contact" between the extracellular matrices/cell processes of the RPE and CECs in the coculture assay, analogous to in vivo situations in which CECs have already migrated through Bruch's membrane but not yet into the sensory retina, such as in occult CNV. RPE and CECs are separately harvested and biochemical methods are used to measure activation of signaling pathways triggered in each cell type. The role of an identified pathway in CEC transmigration is then tested using specific inhibitors, genetic mutations or RNA interference (RNAi) introduced into either cell type in transmigration assays. In transmigration assays, wider pores permit vitally labeled CECs to migrate across the RPE, be distinguished from the RPE and be counted. The authors obtain CECs from human donor eyes and assure EC phenotype with EC markers. Several types of human RPE are used. 27 ARPE-19 cells are easily transfected, are inexpensive and develop transepithelial electrical resistance (TER) of ~35°ohms.cm 2 . The authors use these to model RPE with compromised barrier integrity. Primary adult or fetal RPE that can develop tight barrier properties (TERs > 100°ohms.cm 2 ) is also used to corroborate findings in ARPE, because ARPE cells lack certain claudins, such as claudin 19, which is present in human RPE in vivo. 28 Data obtained from coculture and transmigration assays relate to pathways important in human neovascular AMD. [29] [30] [31] [32] The authors integrate results from coculture and transmigration assays with data obtained from in vivo models and from human tissues. A three-pronged approach is taken, consisting of (1) coculture and transmigration models to determine mechanisms; (2) transgenic animals following laser injury to determine a functional in vivo correlate to the mechanism; and (3) human tissue samples to determine potential relevance to human AMD.
Oxidative stress in AMD
Genetic predisposition plays an important role in AMD risk, and polymorphisms in the complement pathway, lipid metabolism, vitamin D, and retinoic acid receptor are among those that have been identified. 5, [33] [34] [35] [36] In addition, environmental stresses also influence AMD risk. Risk factors of human AMD include increased age, smoking, increased body mass index, and potentially light and inflammation. 37, 38 Several of these factors, including smoking, inflammation, and light, can increase reactive oxygen species (ROS). 23 Endogenous ROS can also play a role in experimental CNV. 39 The Age-Related Eye Disease Study 40 found that antioxidants reduced the progression of visual acuity loss and progression of advanced AMD, further supporting the role of ROS in the pathogenesis of neovascular AMD. The outer retina is vulnerable to oxidative stress because of high choroidal blood flow and photoreceptor photooxidation. High blood flow may increase oxygen, which increases superoxide radical generation by the mitochondria. Also, photooxidation in photoreceptors has been linked to complement activation, 41 and activated complement can increase the release of RPE-produced VEGF, an important pathologic angiogenic factor in AMD. Activated complement can also increase membrane attack complex formation, which can trigger signaling of apoptosis, 42 when nonlethal. ROS can also trigger signaling of angiogenesis. 43, 44 Therefore, many of the factors associated with AMD lead to increased generation of ROS and can mediate angiogenesis or apoptosis, which play roles in advanced forms of neovascular and atrophic AMD, respectively.
The role of aging and ROS on the VEGF signaling pathway
VEGF has been found to be one of the most important angiogenic factors involved in human pathologic angiogenesis. However, it is also a neuroprotective factor 8 and it is important in vascular development and homeostasis. 45 Therefore, broadly inhibiting its bioactivity to reduce pathologic angiogenesis may also have unwanted effects. The parent VEGFA messenger RNA has splice variants that have different bioactivities. The number of proangiogenic splice variants known in humans is approximately six, and three of these are close in protein composition to the mouse variants, each being one amino acid apart. (There are also VEGFb variants that inhibit angiogenesis but these are not discussed in this paper.) To address the question of whether sensory CNV could be inhibited by a form of VEGF that did not inhibit the physiologic beneficial aspects of VEGF, the authors first determined the splice variants that were upregulated by stresses known to be important in AMD (ie, increased age, oxidative stress, and contact between RPE and CECs to model occult CNV). When human RPE cells were exposed to several concentrations of H 2 O 2 , there was a selective and greater expression of VEGF 189 than with control conditions, and also compared with the other splice variants ( Figure 5A ). Contact caused a dramatic change in expression of cell-associated VEGF 189 compared with solo or non-contacting coculture ( Figure 5B ). RPE from donor eyes of humans over 70 years of age had greater expression of VEGF 189 than those under 40 years of age ( Figure 5C ). 32 H 2 O 2 was then used as a means to upregulate VEGF 189 in RPE and its role was tested in the coculture and transmigration assays. Compared with RPE exposed to control, there was a significant increase in phosphorylated VEGF receptor 2 (VEGFR2), but not p-VEGFR1, in CECs grown in contact with RPE exposed previously to H 2 O 2 . CEC transmigration increased significantly when RPE cells were incubated with H 2 O 2 (P = 0.04). Using RNAi, the authors showed that 80% silencing of the upregulated VEGF 189 in H 2 O 2 -exposed RPE ( Figure 5D ) inhibited VEGFR2 signaling in CECs grown in contacting coculture with RPE ( Figure 5E ), demonstrating the importance in RPE-CEC interactions. Also using RNAi, the authors found that knockdown of the upregulated VEGF 189 in RPE reduced CEC transmigration by approximately 40% ( Figure 5F ). 32 This finding indicated that either the small remaining amount of VEGF 189 resistant to knockdown was sufficient to trigger signaling in CECs or that other factors that are also partially cell associated, including VEGF 165 , may be acting in parallel or through another receptor. The remaining 60% of CEC transmigration may also be caused by other factors, such as eotaxin/CCR3, 46 integrins, and adhesion molecules, cytokines, or growth factors that trigger signaling of pathways important in CEC migration, such as phosphoinositol 3-kinase (PI3K) or Rac1. [9] [10] [11] [12] [13] [14] [15] [16] 31 Using a neutralizing antibody to all splice variants of VEGF, the authors previously reported that CEC transmigration was mediated through active CEC Rac1 and/or the PI3K pathway, but not through src kinase. 31 However, when the authors compared H 2 O 2 -exposed RPE transfected with small interfering RNA (siRNA) to silence VEGF 189 with control siRNA, it was found that Rac1 was activated in CECs, but phosphorylated Akt, a downstream effector of the PI3K signaling pathway, was not. 32 CEC migration across the RPE overexpressing VEGF 189 was virtually abolished when Rac1 activity was inhibited in CECs transfected with a green fluorescent protein (GFP)-tagged construct containing the Rac-binding domain (RBD) of Rac1 effector, plenty of SH3s (POSH) (GFP-POSH-RBD). The authors previously found the POSH effector to inhibit Rac1 activity in CECs. 31 These results provide support that VEGF 189 facilitates CEC migration across the RPE, and this is mediated by VEGFR2-induced activation of Rac1 in CECs. 32 Since VEGFR2 signaling is important in CEC migration, the authors investigated its role in CEC chemotaxis toward a VEGF gradient by measuring the length and number of "guidance" CEC filopodia ( Figure 6A ). The authors found that inhibition of p-VEGFR2 using the chemical receptor tyrosine kinase inhibitor SU5416 reduced CEC filopodial length ( Figure 6B ) and CEC migration, but not filopodial number ( Figure 6C ). 47 In an animal model, the effect was specific to VEGFR2 and not to integrin beta3 or VEGFR1 signaling.
From these studies, it was found that environmental stresses associated with and potentially causal in AMD led to increased VEGF, especially the VEGF 189 splice variant, and that signaling from RPE-generated VEGF induced CEC VEGFR2 phosphorylation resulting in increased CEC transmigration of the RPE. Also, it was found that Rac1 was activated in CECs grown in contact with RPE, and upregulated RPE-derived VEGF 189 was one factor found to activate Rac1 in CECs. Activated CEC Rac1 was important in CEC transmigration. 31 Furthermore, VEGF 189 was not the sole cause of CEC transmigration of the RPE, in that CEC transmigration was reduced by 40% when VEGF 189 was silenced 32 and by about the same amount when a neutralizing antibody to VEGF was used. 29 These numbers are similar to those seen in clinical trials in which 40% of patients with neovascular AMD had improvement in visual acuity 1 following treatment with anti-VEGF agents. Therefore, inhibiting VEGF bioactivity does not appear sufficient to completely prevent CEC transmigration of the RPE, whereas inhibition of active Rac1 in CECs nearly abolished CEC transmigration. Developing a means to safely reduce activated Rac1 in CECs may provide a safe means to prevent CEC transmigration and CNV in the sensory retina. However, broad inhibition of Rac1 has unacceptable toxicity, 48, 49 so targeting specific pathways that trigger Rac1-induced CEC migration may provide a safe therapy.
Rac1 in ROS generation and CNV
Besides activating CECs to migrate, Rac1 is also a subunit required for NADPH oxidase activation and ROS generation. Therefore, NADPH oxidase activation and ROS-triggered signaling were studied, and it was found that hypoxia triggered NADPH oxidase activation in cultured ECs and induced angiogenesis in a model that fluctuated oxygen levels and led to an angiopathic retinopathy in vivo. 50 Retinal VEGF expression was increased in the model, 51 and both VEGF and NADPH oxidase appeared to trigger the Janus kinase/signal transducers and activators of transcription pathway and, specifically, STAT3 phosphorylation, which mediated aberrant angiogenesis. 52 Therefore, it was predicted that VEGF would activate NADPH oxidase in CECs. Indeed, VEGF activated Rac1 in CECs ( Figure 7A) , and active Rac1 then mediated NADPH oxidase-generated ROS ( Figure 7B) . Furthermore, the activation of Rac1 occurred upstream and independent of ROS generation, since treatment with apocynin did not significantly affect Rac1 activity ( Figure 7A ). In mice that were silenced for a subunit of NADPH oxidase, p47phox, or that received apocynin to inhibit NADPH oxidase activation, dihydroethidium fluorescence (indicator of ROS) in choroidal flat mounts ( Figure 7C ) and CNV volume following laser injury ( Figure 7D) were significantly reduced. 39 The authors also tested Rac1 activity downstream of other pathways important in neovascular AMD. They had collaborated with several laboratories to study the chemokine receptor CCR3 in AMD. 46 CCR3 expression was increased in aged and AMD eyes compared with young donor eyes. Inhibition of the CCR3 using antibodies, chemical inhibitors, and transgenic mice reduced CEC migration and laser-induced CNV. 46 In addition, CCR3 triggered activation of Rac1 in CECs.
RPE barrier properties and the role of Rac1
The evidence above showed the importance of RPE-CEC interactions in CEC transmigration across the RPE, an important step preceding the transition from occult (sub-RPE CNV) to CNV in the sensory retina. One of the properties of the RPE is the maintenance of the outer blood-retinal barrier. In homeostasis, the barriers of epithelial cells are constantly reassembling and disassembling to meet physiologic needs. 53 Stresses, such as ROS, can disrupt barriers and their function. 54 In human AMD, an impaired RPE barrier permits fluid, molecules, or other factors to enter the sensory retina and disrupt its structure, attract cells, and reduce visual acuity. FA and OCT detect clinical changes. It was wondered whether impaired RPE barrier integrity would permit growth factors to enter the sensory retina and act as chemoattractants for activated, migrating CECs.
The authors became interested in the potential role of Ras-related protein 1 (Rap1), a guanosine triphosphatase (GTPase) of the Ras superfamily, which is important in epithelial and endothelial junctions and motility. Like other GTPases, Rap1 is activated by guanine nucleotide exchange factors that mediate release of guanosine diphosphate and allow binding of guanosine triphosphate (GTP). Rap1 is inactivated when GTPase-activating proteins (GAPs) hydrolyze the GTP. When active, Rap1 interacts with downstream effectors and has a number of functions, including junctional assembly and integrity of epithelial cells 55, 56 and ECs. 57 Knockout of Rap1 is lethal, 58 but its two isoform-specific knockouts are viable. [59] [60] [61] The activity of GTPases, rather than expression of the protein alone, is believed most important to cell function. This makes study in vivo difficult. However, pulldown assays designed to specifically detect GTP-bound Rap1 (ie, the active form) can be used to measure GTPase activity in vitro. In addition, through the use of viral constructs to alter endogenous Rap1 expression and/or activity, the effect on cell function in vitro can be determined.
The authors first tested the activity of Rap1 in human RPE grown in solo culture or in contacting coculture with CECs. Total Rap1 in cell lysates remained unchanged, but activity of Rap1 was reduced in RPE grown in contact with CECs compared with those grown in solo culture ( Figure 8A ). This suggested that CEC contact with RPE inhibited a pathway involving Rap1 that would normally provide a junctional strengthening function, such as that observed in human umbilical vein ECs. 57 The authors used tools they developed to manipulate Rap1 activity. Rap1 activity was increased by exogenous expression of a constitutively active version of Rap1 protein ( Figure 8B, left) , or inhibited by expression of RapGAP 57 ( Figure 8B, right) . The authors found that inhibition of Rap1 by expressing a RapGAP, or by adenoviral constructs containing siRNA to Rap1, reduced barrier integrity of the RPE and delayed junctional reassembly during a calcium switch assay. 62 Our work provides evidence that Rap1 activity is important in the RPE's ability to maintain junctional integrity during physiologic and perhaps pathologic stresses. If proven in vivo, there may potentially be pharmacologic methods to increase Rap1 activity and strengthen RPE barrier integrity.
Conclusion
Neovascular AMD is a leading cause of central visual acuity loss in a growing segment of the population, those over the age of 60 years. Treatment has improved over the last decade but, because of tachyphylaxis and potential risk and toxicity of anti-VEGF agents, it is still limited. The authors have presented their study and have reviewed other studies in order to understand the mechanisms of CEC activation and transmigration of the RPE and of RPE barrier dysfunction. The heterotypic coculture and transmigration models used have proven to be relevant methods for testing pathways important in human neovascular AMD. [29] [30] [31] [32] The authors have found that the small GTPase Rac1 is important for CEC activation and transmigration and it is downstream of two signaling pathways that are important in human neovascular AMD, the VEGF-VEGFR2 31 and eotaxin-CCR3 46 pathways. Further, studies suggest that active Rap1 in RPE may play a role in strengthening RPE barrier integrity and resisting CEC transmigration of the RPE. Further study is warranted. 62 Choroidal endothelial cell filopodia length was reduced by vascular endothelial growth factor receptor 2 tyrosine kinase inhibitor SU5416 (A) and (B), but number was not reduced (C). Notes: **P = 0.01; *P < 0.05. 
